We develop a formalism that allows one to systematically calculate the WIMP annihilation rate into gamma rays whose energy far exceeds the weak scale. A factorization theorem is presented which separates the radiative corrections stemming from initial state potential interactions from loops involving the final state. This separation allows us to go beyond the fixed order calculation, which is polluted by large infrared logarithms. For the case of Majorana WIMPs transforming in the adjoint representation of SU (2), we present the result for the resummed rate at leading double log accuracy in terms of two initial state partial wave matrix elements and one hard matching coefficient. For a given model, one may calculate the cross section by finding the tree level matching coefficient and determining the value of a local four-fermion operator. The effects of resummation can be as large as 100% for a 20 TeV WIMP. The generalization of the formalism to other types of WIMPs is discussed.
The gravitational evidence for dark matter (DM) is overwhelming, but despite considerable effort we are still awaiting its definitive non-gravitational observation. Searches continue both via direct as well as indirect methods. In principle a convincing complete dark matter model could be built by combining missing energy event rates at the LHC with underground detection and/or astronomical cosmic/gamma ray signatures. The negative results of these searches to date has allowed us to eliminate large swaths of parameter space. In particular, the WIMP scenario within the Minimal Supersymmetric Standard Model (MSSM) has been highly constrained. At present, we have yet to see evidence of new weak-scale physics, which implies that if the MSSM, or some variant thereof, is correct, then the supersymmetry (SUSY) breaking scale may be considered as being uncomfortably tuned.
Nonetheless, if dark matter has a straightforward connection to known physics, the thermal-relic, weakly interacting massive particle (WIMP) provided by SUSY is one of the most elegant candidates. The possibility of obtaining such a particle from SUSY continues to be a principle argument for that scenario (along with gauge coupling unification). Pure-wino dark matter is the most attractive candidate of "mini-split" SUSY, which foregoes strict naturalness for simpler model-building [1] . In a typical implementation, gravity-mediation generates sfermion masses at O(100 − 1000) TeV and anomalymediation [2] gives gaugino masses of O(1 − 10) TeV, with a wino LSP.
For a thermal relic, the measured dark matter abundance rules out bino DM and very narrowly constrains M Wino ≡ (M χ ) = 2.7-2.9 TeV [3, 4] . A question of paramount importance then is whether the present annihilation rate to photons is sufficiently large to rule out thermal wino dark matter by the non-observation of TeVscale photon lines at the air Cherenkov telescope, HESS. Some groups have recently claimed this to be the case unless our galaxy's DM profile is highly cored or if higherloop corrections result in a significant ∼ O(1/few) decrease in the annihilation rate to γ + X [3, 5] . It is the proper treatment of the latter that is our primary motivation. While a TeV-scale wino provides motivation for a more precise calculation, we stress that our formalism is generic for any WIMP that produces energetic, observable particles.
As is well known, the WIMP annihilation rate receives large radiative corrections beyond tree level, as the rate is sensitive to the infrared (IR) scale M W ∼ 100 GeV. The existence of this scale in the rate leads the large corrections to take two forms, namely α
). The former are due to potential interactions between the incoming nonrelativistic particles, while the latter are a result of soft-collinear gauge boson emission which do not cancel due to the non-singlet nature of the initial states [6] . The resummation of the potential exchange is handled by solving the appropriate Schrödinger equation. However, the resummation of the large logs is not accomplished with such ease. Furthermore, once one considers both such interactions simultaneously, one must understand how these two pieces of physics decouple, if at all. Thus, the uncertainties in the tree level annihilation rate can be considered to be of order one-hundred percent until these singular radiative corrections are tamed in a systematic fashion.
Given that the large logs are a consequence of dealing with multiple scales simultaneously, resummations are typically accomplished by first factorizing the rates. Such a factorization will also allow for the explicit separation of the potential corrections from the IR radiation. An efficient way of approaching factorization is through the use of effective field theory (EFT). For this particular application we need to construct an EFT which can treat a process in which there are static massive particles (WIMPs) annihilating into highly-energetic particles. We will concentrate on photons as final states, though one can generalize our work here to the case of fermions as well. To treat these various kinematic regimes we utilize a hybrid effective theory which combines ideas from Non-Relativistic QCD (NRQCD) [10] , which is used to study quarkonia, with Soft-Collinear Effective Theory (SCET) [7] , which can be utilized to prove factorization theorems in high energy scattering [8] . Similar, though distinct, hybrid theories have been utilized to study the photon spectrum in radiative onium decays [11] . SCET in the context of electro-weak theory has been explored in [12] . Here we will not go into the details of the effective theory, which will be left for a separate publication [13] .
We begin by enumerating the relevant modes which we will factorize. The dark matter are assumed to have velocities on the order of 10 −3 , and as such will be static for our purposes. In principle, finite velocity corrections could be included, but until an actual detection is made such corrections are not a pressing matter. Furthermore, we will take the detected photon (E γ ) to have energies far greater then the weak scale, and ignore corrections which scale as powers of M W /E γ . Thus, our power counting parameter will be λ ≡ M W /(E γ ∼ M χ ).
Given these kinematics there are four relevant modes in the problem. The WIMP fields, whose energy and momenta scale as λ 2 and λ respectively (all dimensions are in units of M χ ), collinear fields whose light-cone coordinate momentum scales as (
and potential gauge boson and Higgs fields whose energy and momenta scale as λ 2 and λ respectively. The potential modes will not play a role in the resummation. For the processes of interest here, the Higgs boson will not play a role at leading order in λ. Its effects will be discussed in [13] .
At leading order in λ we may work in the unbroken phase of the theory with impunity. We will thus treat all the gauge bosons as massless, save for the times when the mass will be needed to cutoff the IR singularities. Furthermore, for our purposes we may ignore the U (1) factor of the SM gauge group as it will not play a role until higher orders. Thus, after integrating out the hard modes with invariant mass scales of order M χ , we are left with an effective theory composed of nonrelativistic χ fields, and collinear and soft SU (2) gauge bosons.
When integrating out the hard modes whose invariant mass squared is of order M 2 χ , one generates a set of operators which will be responsible for WIMP annihilation. This is illustrated in figure (1) . Here we will concentrate on photonic final states, as that is most directly relevant for indirect detection. Furthermore, we will consider the annihilation of Majorana WIMPs in the adjoint, which in the MSSM corresponds to the gauginos (extension to Higgsino DM is straightforward). The minimal operator basis is then given by
where the first bilinear acts on initial states and the second on final states. All operators which arise in the matching can be reduced to one of these four using the Majorana condition. The spin one operators are irrelevant since Fermi statistics would lead to an antisymmetric SU(2) initial state, and we are interested in the annihilation of two neutral particles. We have also used the definition
where the ⊥ symbol implies the component perpendicular to the large light cone momentum n · p, where n µ = (1, 0, 0, 1) and D ⊥ µ is the covariant derivative in the collinear sector (for details see [7] ). This field interpolates for a collinear gauge boson and is invariant under collinear gauge transformations due to the Wilson lines on both sides. These operators are dressed by identical soft Wilson lines such that O 2 and O 4 become
As we can see there are two types of path ordered soft Wilson lines S v and S n defined by
The operators O 1,3 receives no soft corrections. We will be interested in a particular matrix element of these op-erators. The annihilation spectrum may be written as
where the F γ AB is a fragmentation function defined by
and
δÃB. Note that this is an unusual fragmentation function in that we are measuring states which are not gauge singlets. Of course, our initial states are not singlets either. C i are the matching coefficients that give the probability for the dark matter to annihilate and create a photon with momentum n · p. F γ is the canonical fragmentation function giving the probability of an initial photon with momentum k to yield a photon with momentum fraction n · k/n · p after splitting. Since the C 1,3 contributions in eq. (5) are not sensitive to the nonsinglet nature of the initial state, it will only contribute large double logs from mixing with O 2,4 .
In writing down (5), we factorized the collinear and soft fields, as the total Hilbert space of the system is a tensor product of the soft and collinear sector. The potentials which determine the four quark operator matrix element will in general talk to the soft sector. However, these interactions will not lead to large double logs.
The large logs are summed by the running of these operators from the scale M χ to the scale M W . This running is noncanonical in that it involves both renormalization group (RG) as well as rapidity renormalization (RRG) [9] group running. The canonical fragmentation function does not have rapidity divergences as there are cancellations between the real and virtual emissions. However, F γ AB will have rapidity divergences due to the nonsinglet nature of the measured particle. These divergences will only cancel once one accounts for the rapidity divergences which arise in the soft part of the operator O 2 . This provides a nontrivial calculational check. Thus in addition to the renormalization scale µ there is also a rapidity scale ν. Each of the three components of the factorized rate sit at a natural scale for both µ and ν. The soft and collinear sectors have no large logs if we choose the (µ, ν) scales to be (M W , M W ) and (M W , M χ ) respectively. At leading double log accuracy we can resum all of the relevant terms by choosing µ = M W . In this case all the large logs reside in the renormalized parameter C i (µ = M W ) and the rapidity running may be neglected.
To calculate the anomalous dimensions we first introduce an operator basis in the collinear and soft sectors
These operators each mix within their respective sectors via the diagrams shown in figs. (2) and (3). such that, 
The anomalous dimensions are given by
These results allow us to read off the running of the hard matching coefficients C 1,2 by imposing that the cross section be RG invariant. This leads to the set of equations
Notice that the RHS of eq. 10 is independent of the rapidity scale as it must be. Solving the RG equations gives the following result for the resummed cross section in terms of the square of the wave functions at the origin, which are equal to the matrix elements of the four Fermi operators up to corrections in the relative velocity, and the Sommerfeld factors, s with the asymptotic 1,2 states,
where
). To present a model independent form we have used the fact that the tree level result for χ 0 χ 0 → γ + γ/Z must vanish in which case there is only one independent matching coefficient. The tree level result for the fragmentation function as well as for the soft Wilson line have been used, which is sufficient at leading double log accuracy. The anomalous dimensions fix a = , and in general will be model dependent. Thus, the effects of our resummation will be as well. The effects of resummation grow with the WIMP mass, as can be seen in figure (4) . In any case we can also see from the figures that if there is a hierarchy in the matrix elements such that f − dominates, then the resummation can lead to a large relative enhancement of the rate.
In this letter we have presented a factorization theorem for the annihilation of Majorana WIMPs into photons. This theorem allows for the calculation of radiative corrections with relative ease, as the Coulomb physics is disentangled from the final state up to power corrections in λ = M W /E γ . This is to say that the corrections to the factorization result are of order λ, which is clearly sufficient at least until the time a discovery is made. The final result (11) can be utilized to generate the cross section once a model is chosen within which to evaluate the matrix elements of the four fermion operators. The formalism introduced here can be generalized to the case of WIMPs transforming in the fundamental of SU (2) with relative ease. We have chosen the Majorana (gauginolike) case here since it has a reduced operator basis.
